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The production of value-added products through CO2 utilization using 
photocatalysis offers an alternative green route for CO2 fixation. Wide bandgap 
photocatalysts allow the absorption of light in the UV region, which represents the 
lowest percentage of the sunlight irradiation. On the other hand, narrow bandgap 
photocatalysts absorb light in the visible region, though the recombination rate of the 
generated electron-hole pairs affects their activity. In this thesis, the narrow band gap 
FeNbO4 is synthesized, studied and efforts are made to reduce the recombination rate 
and enhancing the photocatalytic activity. 
FeNbO4 visible-light-driven photocatalysts are synthesized using various 
synthetic methods and different pH values and characterized using UV-vis DRS, 
PXRD, BET, SEM, and EDS. Monoclinic phase is obtained for all different 
preparation methods, where band gap and surface area varied with synthesizing 
method and pH value. FeNbO4 prepared via co-precipitation method presented the 
highest surface area with a band gap value of 1.85 eV.  
FeNbO4 prepared via co-precipitation method is further synthesized 
incorporating rGO. Three different mass ratios of rGO were used, FeNbO4-3% rGO, 
FeNbO4-5% rGO, and FeNbO4-10% rGO. Results confirm the successful 
incorporation of rGO into FeNbO4 and the role of rGO in reducing the recombination 
rate. The prepared composites are examined for the photocatalytic cycloaddition of 
CO2 into propylene oxide, where FeNbO4-5% rGO exhibits the highest photocatalytic 
activity with a percent yield of 57%.  
Moreover, three FeNbO4/NH2-MIL-125(Ti) composites with different mole 
ratios are prepared, characterized and their photocatalytic activity is evaluated for the 
same reaction. Obtained data confirms that the reaction proceeds photocatalytically. 
FeNbO4 (75%) /NH2-MIL-125(Ti) (25%) shows the highest percent yield of 52%, results 
suggest the cooperative mechanism between FeNbO4 and NH2-MIL-125(Ti). 
Both composites FeNbO4/rGO and FeNbO4/NH2-MIL-125(Ti) have proven to 
be effective in increasing photocatalytic activity compared to FeNbO4. As percentage 
rGO increases, the photocatalytic activity has increased showing the highest yield for 
FeNbO4-5% rGO where rGO works as electron trapper, hindering electron-hole pairs 









(25%) is related to the capability of FeNbO4 to absorb more light generating electrons 
that move to the (LUMO) of NH2-MIL-125(Ti), hence reducing the recombination 
rate. Future work could be directed toward testing various epoxides substrate to 
compare the effectiveness of the photocatalysts. Furthermore, different synthesizing 
methods for preparing composites could be implemented to enhance the interaction of 
both systems thus improving the photoactivity of the photocatalysts.  
 












Title and Abstract (in Arabic) 
 
 المعالج بأكسید الجرافین و 4FeNbO و تحدید البنیة اإللكترونیة ل  توصیفو  تحضیر
 كحافز ضوئي ماتحدید نشاطھثم   Ti)-MIL-2NH/4FeNbO)125تمركبا
 خص المل
ذات القیمة المضافة من خالل استخدام ثاني أكسید الكربون باستخدام  وادیوفر إنتاج الم
. تسمح المحفزات الضوئیة ثاني أكسید الكربونلمعالجة بدیلة صدیقة للبیئة طریقة ز الضوئي یحفتال
البنفسجیة، والتي تمثل أقل ذات فجوة الحزمة العریضة بامتصاص الضوء في منطقة األشعة فوق 
من جھة أخرى، تمتص المحفزات الضوئیة ذات فجوة الحزمة  .نسبة من إشعاع ضوء الشمس
ألزواج الحفرة اإللكترونیة  السریع معدل إعادة التركیب لكنالضیقة الضوء في المنطقة المرئیة، 
  4FeNbO النطاق الضیق . في ھذه األطروحة، تم تصنیع فجوة ا یؤثر على نشاطھ المتولدة
  .تقلیل معدل إعادة التركیب وتعزیز نشاط التحفیز الضوئي ومحاولة ودراستھا 
باستخدام طرق  4FeNbO المحفزات الضوئیة التي تعمل بالضوء المرئي تحضیرتم لقد 
 PXRD و UV-vis DRS تم تمییزھا باستخداممن ثم مختلفة و وقیم ھیدروجینیةمختلفة  تحضیریھ
لجمیع طرق التحضیر  monoclinic الشكل البلوريتم الحصول على  EDS.و SEM و BET و
وقیمة الرقم  حضیرحیث اختلفت فجوة النطاق ومساحة السطح مع طریقة الت المختلفة،
المحضر عبر الترسیب المشترك أعلى مساحة سطحیة  4FeNbO أظھر مركبالھیدروجیني. 
 .الكترون فولت1.85  قیمة نطاقھا یبلغبفجوة 
استخدام ثالث ب .rGO معالذي تم تحضیره بطریقة الترسیب المشترك  4FeNbO دمجتم و 
. rGO ،rGO  %3-4FeNbO،rGO  %10-FeNbO4، rGO %5-4FeNbOة مختلفة منینسب كتل
في تقلیل معدل إعادة التركیب.  rGO ودور 4FeNbOفي  rGOتؤكد النتائج الدمج الناجح لـ و
لثاني أكسید عن طریق اإلضافة الحلقیة  اختبار النشاط التحفیزي للمركبات المحضرةتم ولقد 
أعلى نشاط حفاز ضوئي بنسبة  rGO %5-4FeNbOظھر أالكربون في أكسید البروبیلین، حیث 
 .%57إنتاجیة تبلغ 
 ثالث مركباتوفحص النشاط التحفیزي ل عالوة على ذلك، تم تحضیر وتوصیف
125(Ti) -MIL-2NH/4FeNbO  وتم فحص نشاطھا التحفیزي لنفس التفاعل.  مختلفة،بنسب مولیة









 )%(25125(Ti) -MIL-2NH/  وتشیر النتائج إلى آلیة تعاونیة بین52%أعلى نسبة إنتاجیة تبلغ ،    
4FeNbO 125و (Ti)-MIL-2NH. 
في زیادة  ما فعالیتھ Ti)-MIL-2NH/4FeNbO)125و rGO/4FeNbO المركبینأثبت كال 
، زاد نشاط التحفیز GOrمع زیادة نسبة وقد لوحظ أن . 4FeNbOنشاط التحفیز الضوئي مقارنة بـ 
لإللكترونات،  غطاءك rGOر أعلى إنتاجیة حیث یعمل أظھ rGO %5-4FeNbO حیث أن الضوئي
 یرتبط العائد المرتفع الذي تم الحصول علیھ لـ مما یعیق إعادة تركیب أزواج الثقب اإللكتروني.
) %(25125(Ti) -MIL-2NH/) %4 (75FeNbO 4 بقدرةFeNbO  على امتصاص المزید من اإللكترونات
، وبالتالي تقلیل معدل إعادة Ti)-MIL-2NH)125لـ (LUMO) المولدة للضوء التي تنتقل إلى
التركیب. یمكن توجیھ العمل المستقبلي نحو اختبار ركیزة اإلیبوكسیدات المختلفة لمقارنة فعالیة 
مختلفة إلعداد المركبات لتعزیز  حضیرعالوة على ذلك، یمكن تنفیذ طرق ت .المحفزات الضوئیة
 ات الضوئیة.تفاعل كال النظامین وبالتالي تحسین النشاط الضوئي للمحفز
، rGO ،LUMO ، المركبات،4FeNbOمحفز ضوئي، فجوة النطاق، : مفاھیم البحث الرئیسیة
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Chapter 1: Introduction 
 
1.1  Overview 
The use of heterogeneous photocatalysts has increased rapidly over the last 
decade because of their application in various fields [1]. The term photocatalysis refers 
to the acceleration of photoreactions upon irradiation of a catalyst [2]. The utilization 
of semiconductors as a photocatalyst pioneered when Fuijishima and Honda 
discovered water splitting on TiO2 electrodes [3]. Semiconductors photocatalysts have 
been applied in air [4, 5] and water purification [6, 7] and in resolving many other 
environmental problems. The electronic structure of semiconductors that is 
characterized by a band gap, which is the energy between the filled valance band (VB) 
and the empty conduction band (CB) makes it act as a light sensitizer 
“photosensitizer”. Fundamentally, for a photochemical reaction to proceed; the 
absorbed photon must have an energy (hv) equal or more than the band gap energy 
(Eg). When electron e- moves from (VB) to the (CB), it leaves a positive charge (hole 
h+) [8]. Then electrons and holes can react with the adsorbed molecules on the surface 





























If adsorbed molecule is an electron donor (D), it will donate an electron to the 
positive hole (h+) and get oxidized forming a cation radical [D•]+ in Equation (1). 
Likewise, if the adsorbed molecule is an electron acceptor (A) it will accept electron 
and get reduced to form radical anion [A•]- as in Equation (2), these radical ions can 
undergo further reactions [9]. 
h+ + D → [D•]+                                                    (1) 
  e- + A → [A•]-                                                     (2) 
Furthermore, for a reaction to proceed, it has to have a redox potential that lies 
within the band gap of the semiconductor. For the adsorbed species to be oxidized by 
electron hole it should have a more negative redox potential than the potential of the 
(VB) of the semiconductor. In addition, (CB) can reduce the adsorbed species that 
have a redox potential that is more positive than its potential [10]. A cascade of 








oxidation processes occurs by further reaction of the produced OH• radicals from the 
oxidized water molecules. Figure 2 represents the band edge position for different 













The width of the band gap affects whether specific semiconductors will absorb 
in the UV or visible region of the sunlight spectrum. Visible region covers the range 
from 390-700 nm meaning that a visible light induced semiconductor have an energy 
gap in the range of 1.8-3.1 eV. On the other hand, a higher band gap semiconductor 
will absorb light in the UV region. The well-known semiconductor TiO2 has a band 
gap 3.2 eV [12] making it absorbs light in UV region that makes up only  5% of the 
sunlight irradiation. 
Thus, the need to synthesize a semiconductor with a small band gap is 
intriguing. Many attempts to minimize the band gap of TiO2 such as doping with 
metal/non-metal [13, 14], construction of heterostructures junction [15-17] and 
Figure 2: Band edge position for some semiconductors in contact with aqueous 








fabrication of nanocomposite photocatalysts with different morphologies [18, 19] were 
implemented.  
Moreover, other semiconductors were studied such as ZnO, MgO, BiVO4, 
Fe2O3, FeVO4 and many others [20-23]. On the other hand, FeNbO4 has been an 
interest for its small band gap energy (2.00 eV) making it absorb light in the visible 
region. Accordingly, more studies are needed to be done to evaluate the photocatalytic 
activity of iron niobate.  
1.2 Mixed Metal Oxides as Photocatalysts 
In the past few decades, there has been growing research interest in the mixed 
metal oxides due to their excellent catalytic [24], chemical [25], magnetic [26] and 
electrical properties [27]. Due to their applications in diverse fields, ABO4 oxides 
(where A, B = Bi, V, Zn, Ce, Co, Fe, Nb, etc.) are among the ones which have been 
studied extensively [28]. Their tunable band gaps, diverse structures and variable 
surface composition deemed them as useful in heterogeneous catalysis [29-31]. Such 
catalysis include, but are not limited to, CO and CO2 reduction [32], water remediation 
[33], removal of NO gas [34], humidity and gas sensors [35,  36] and catalysts for many 
organic transformations [37]. Generally speaking, for a photocatalyst to exhibits 
superior photocatalytic activity, it should have: i) an adequate band gap, ii) high 
surface area and iii) an efficient separation of electron-hole pairs. In these regards, 
variety of methods were implemented for the preparation of mixed metal oxides. Such 
methods are sol-gel method [38,  39], hydrothermal method [40], co-precipitate 









Of particular interest, metal orthovanadates (MVO4) have received increasing 
attention for their numerous applications in many fields including gas sensors [43], 
active materials for solar cells [44] and as catalysts [45]. In addition, metal niobates 
(MNbO4) exhibit photocatalytic activities in the visible region due to the high energy 
level of Nb-4d orbital along with the distorted octahedral (NbO6) units in the metal 
niobate that narrow the band gap allowing absorption in the visible region [46].  
1.3 FeNbO4 Structures Description 
FeNbO4 one of the well-known compounds among ABO4 oxides metal 
niobates that have recently gained much attention for its potential in wide variety of  
applications [47]. It was found to possess both magnetic and eclectic properties [48], 
[49]. Moreover, it was used as gas sensors [50, 51], catalysts [46], photoanode material 
[52] and as a precursor for the preparation of single phase Pb(Fe0.5Nb0.5)O3 that has 
applications in ceramic industries [53]. 
In 1960, iron niobate was first synthesized having wolframite structure [54]. 
Keller prepared 42 oxides of ABO4 type (where A= trivalent metal, B= Nb, Ta), a new 
structure was observed (rutile structure) that can be obtained at a temperature of 
1150°C and higher [55]. One year later, using X-ray powder diffraction Laves et al. 
[56] found that FeNbO4 actually crystallizes into three structural modifications 
(wolframite, orthorhombic and rutile) depending on the annealing temperature. 
Monoclinic structure (wolframite type) with P2/c point group forms at a temperature 
below 1085°C [57], the other type of monoclinic (C2) can be obtained in the range of 
600-900°C that is prepared by gas transport preparation method [58]. An orthorhombic 








tetragonal rutile type (P42/mnm) it forms above T= 1380°C below the melting point 
(T= 1450°C) (Figure 3) [59] . 
 
The crystal structure for these phases can be discussed in terms of the variation 
of the octahedra (MO6) linkage and the nature of the cation within the octahedron. 
Wolframite and orthorhombic have the same closed crystal structure, with NbO6 and 
FeO6 octachora sharing edges closely forming a zigzag chain. As shown in Figure 4 
monoclinic structure has NbO6 and FeO6 in order fashion where each chain is 
accommodated with either niobium or iron. On the other hand, α-PbO2 has a disordered 
structure where Nb and Fe are randomly distributed i.e. making the chains identical. 
Accordingly, the transformation from wolframite to α-PbO2 considered as an order-
disorder transformation [60]. All crystal structures were drawn using VESTA program 
[61], atomic coordination for monoclinic and orthorhombic are available in reference 












Figure 4: Crystal structure for (a) monoclinic, (b) orthorhombic and (c) monoclinic 


























In rutile structure, edges are shared in a way that forms a straight chain and as 
orthorhombic phase Nb and Fe are randomly distributed (Figure 5). As depicted in 
Figure 6 the octahedrons are shared by opposite edges and linked by sharing of 
vertices, not like the closely shared octahedron in both monoclinic and orthorhombic 






































Figure 6: Shared edges in (a) rutile, (b) monoclinic and (c) orthorhombic structures 








1.4 Physical Properties of FeNbO4 
Semiconductors based transition metal oxides especially binary oxide have 
shown interesting sensing capabilities toward diverse toxic gases such as NH3, NOx 
and H2S, etc. [64-66] . Nevertheless, explorations to enhance their limited selectivity 
and sensitivity are ongoing. On the other hand, mixed valence oxides have proven to 
have outstanding electrical properties due to the fact that metal ions with different 
oxidation states are at identical lattice sites and thus can be used for sensing 
applications [67]. Such characteristics are found in FeNbO4 system, monoclinic 
FeNbO4 exhibited high electrical conductivity because of the availability of the mixed 
oxidation state of iron ions (Fe2+ and Fe3+) in the Fe-O-Fe framework [68]. As 
discussed previously, monoclinic FeNbO4 has Nb and Fe in an ordered manner where 
Fe and Nb ions are in +3 and +5 oxidation states respectively which results in 
interesting physical properties. The conducting behavior of FeNbO4 is related to 
oxygen deficiency that forms Fe2+ ions. The loss of one oxide ion from the lattice will 
create a vacancy and leave behind two electrons [67]. The released 2 electrons could 
be trapped on both Fe3+ and Nb5+ or on one ion resulting in Fe2+or Nb4+ sites in the 
lattice. Hence, charge transfer can occur through Fe2+-O-Fe3+ framework with Fe3+ 
ions or Nb4+-O-Nb5+ framework with Nb5+ or both. Gnanasekar et al. [67] study on 
effective magnetic moment revealed that charge transport mode is on Fe2+-O-Fe3+ 
lattice site. In addition, monoclinic FeNbO4 presented high sensitivity toward H2 and 
H2S at 573-623 K. Alvarez et al. [69] also detected the presence of the mixed oxidation 
state of (Fe2+ and Fe3+) using Electron Paramagnetic Resonance (EPR) where a single 
line was observed that can be associated with the existence of Fe3+ and observed 








microwave absorption spectroscopy (MAMMAS) suggested the presence of Fe2+ ions 
[69]. Biswas et al. [70] studied the sensing properties of orthorhombic FeNbO4 and 1 
Wt% platinum incorporated into FeNbO4, both showed sensitivity toward H2, liquified 
petroleum gas (LPG) and NH3.  
Semiconducting performance of both orthorhombic and monoclinic was 
studied by measuring their electrical conductivity at different temperatures. Results 
were in alignment with a typical semiconducting material. Activation energy (Ea) was 
estimated and found to be lower for wolframite FeNbO4 which is attributed to Fe/Nb 
ordering manner that enhances the electrical conductivity and thereby results in a lower 
activation energy [67] . 
Attempts for studying the magnetic susceptibility of iron niobates were 
conducted. FeNbO4 was prepared at three different temperatures (1100°C, 1200°C, 
1360°C) and its magnetic susceptibility at room temperature indicated that it is 
paramagnetic.  Plot of the magnetic susceptibility of FeNbO4 versus and temperature 











Figure 7: Magnetic susceptibility of FeNbO4 vs. the temperature. Reprinted with 








1.5 Electrochemical Properties of FeNbO4 
Mixed metal oxides possess electrochemical properties making them good 
candidates for storage/conversion devices and as electrode materials for lithium-ion 
batteries [71, 72]. FeNb11O29/LixFeNb11O29 represented promising results as an anode 
for lithium-ion batteries due to the uniform distribution of Li+ ions in the lattice [73] . 
Generally, charge conductivity and Li+ ion diffusion are the two main factors affecting 
the performance of lithium-ion batteries. Therefore, it’s attempting to study 
electrochemical Li+ intercalation of FeNbO4 as it holds same valence distribution of 
Fe and Nb as in Fe+3Nb11+5O29. In addition, the high theoretical capacity (250 mAh g-
1) of FeNbO4 made it recognized as a good insertion host [60]. Shim et al. [74] 
discussed the electrochemical performance of FeNbO4 prepared by conventional solid-
state method and hydrothermal method. Hydrothermally prepared powder exhibited 
smaller size and larger surface area (83 m2g-1) that resulted in high reversible capacity 
of (200 mAh g-1) after 20 cycles [74].  
To gain more understanding over the relationship between structure and 
electrochemical property, Kumari et al. [60] studied the electrochemical performance 
of both monoclinic and orthorhombic phases. Cyclic voltammetry showed that both 
phases has Fe3+/Fe2+, Nb5+/Nb4+ and Nb4+/Nb3+ redox couple. First scan of cyclic 
voltammetry showed distinctive voltammograms for each phase due to the differences 
in the crystal structure. Li+ ions insertion leads to structural transformation from the 
disordered orthorhombic to the stable ordered monoclinic phase. That can be observed 
through the cyclic voltammogram where orthorhombic phase exhibits characteristics 








indicate that monoclinic FeNbO4 is a better potential for anode active material since it 



























1.6 Photocatalytic Activity of FeNbO4 
Majority of the research work on FeNbO4 focuses on its physical and 
electrochemical properties. There are only few work in the literature discussing the 
photocatalytic activity of iron niobate. The availability of various synthetic routes 
affects particle size and surface area and hence affect the catalytic activity of the 
photocatalyst. Cho et al. [75] examined the photocatalytic activity of iron niobate 
prepared by hydrothermal method and solid-state method which has a calculated band 
gap of 1.93 eV and used for the removal of rhodamine B (RhB) dye. Hydrothermally 
prepared FeNbO4 (HT-FeNbO4 ) exhibited smaller grain size and much higher surface 
area compared to FeNbO4 prepared by solid-state method (SS-FeNbO4) [75]. XPS 
results revealed the (HT-FeNbO4) has fewer surface defects, such as oxygen defects 
compared to (SS-FeNbO4). Both prepared photocatalysts were tested for the removal 
of RhB under visible light irradiation using tungsten halogen lamps ( > 420 nm) for an 
irradiation period of 10 h. SS- FeNbO4 did not show an obvious degradation of RhB 
upon 10 h irradiation. On the other hand, (HT-FeNbO4) was able to remove 90% of 
RhB for the same time interval because of its smaller particle size and fewer surface 
defects [75] . Generally, higher photocatalytic activity is attributed to higher surface 
defects as it’s the site where photogenerated charges are trapped [76]. Nevertheless, it 
is not the same case with FeNbO4 where surface defects are less effective due to their 
low carrier mobility [75].   
Zhang et al. [77] reported the photocatalytic activity of FeNbO4 for the removal 
of methyl orange (MO). FeNbO4 was prepared by solid-state method at different 
calcination temperatures; below 700°C yielded FeNbO4 with extra peaks which was 








700°C, only FeNbO4 was obtained. The removal of 72.7% of methyl orange was 
achieved by FeNbO4 with extra FeNb2O6 phase after 3 h. Result indicates that iron 
niobates with ferrous ions exhibit higher photocatalytic performance than iron niobate 
having ferric ions [77] . 
More research should be pursued to grasp a full understanding on the 
photocatalytic activity of different phases of FeNbO4 using different synthetic routes. 
1.7 CO2 Fixation 
Worldwide energy supply is mainly provided through the combustion of fossil 
fuels, which results in a rapid increase of the atmospheric carbon dioxide, hence 
triggering a cascade of environmental problems [78]. Moreover, the continuous 
depletion of fossil fuel reserves necessitates demand for clean, secure, and sustainable 
energy supply for the future. 
This rapid increase in carbon footprint causes global warming and threaten the 
ecosystem balance. Therefore, to have control over global warming extensive research 
on finding alternative renewable energy sources is needed [79].   
The utilization of CO2 as a feedstock for the production of value-added 
products is one of the solutions for the growing global problems. The cycloaddition 
reaction between CO2 and epoxides results in cyclic carbonates is one of the successful 
examples of CO2 utilization. Cyclic carbonates have numerous industrial applications 
and are critical reagents in many chemical and pharmaceutical synthesis [80]. 
Many researchers have reported the synthesis of cyclic carbonates using 
different homogenous, heterogeneous catalysts and metal free systems. However, to 
obtain high yield of the product, high temperature and pressure are required [81-85]. 








dissolving epoxides in molten tetrabutylammonium bromide (TBAB) at atmospheric 
pressure and a temperature of 120°C. TBAB act both as a solvent and a catalyst, where 
bromide ion opens epoxide ring by nucleophilic attack resulting in oxy anion that 
reacts with CO2 forming cyclic carbonate [86]. Another example for salt catalyzed CO2 
to cyclic carbonates is reported by Toda et al. [87] using tetraarylphosphonium 
(TAPS). Moreover, Endo et al. [88] reacted various epoxides with CO2 using LiBr as 
a catalyst at 100°C and 1 atm to offer the targeted five-membered cyclic carbonates. 
Obtained results reveal that reaction rate is affected by the bulkiness of the substituents 
on the epoxide ring. Where reaction rate increased with small substituents and with 
electron withdrawing groups on the ring [88]. Cyclic carbonates were obtained from 
the reaction of epoxides and CO2 catalyzed by Silica-supported aminopyridinium 
halides without any solvents or any additives by Motokura et al. [89] Silica-supported 
aminopyridinium iodide showed the highest activity, selectivity and excellent 
reusability. In addition, Lan et al. [90] tested a series of P-doped g-C3N4 with TBAB 
as a co-catalyst toward the cycloaddition of CO2 into epoxides without the addition of 
any solvents. Roy et al. [91] developed porous ZnSnO3 nanocrystals for the catalytic 
reaction of epoxides and CO2 under 1 atm, 80°C and in polyethylene glycol (PEG 600) 
as a solvent. Paddock and Nguyen [92] showed the activity of Cr(III) salen complexes 
along with (4-dimethylamino)pyridine (DMAP) as a co-catalyst. Endo et al. [93] 
obtained cyclic carbonates with (65-83%) percent yield using N-
methyltetrahydropyrimidine (MTHP) under mild conditions (1 atm, 45°C). Jain et al. 
[94] described the first photocatalytic reaction of CO2 with epoxides using cobalt 
phthalocyanine modified TiO2 and TBAB under visible light irradiation at 1 atm and 
25°C. The cyclic carbonates reaction was conducted in acetonitrile and methanol 








[94]. Another photocatalytic reaction was reported by Maroto-Valer et al. [95] using 
TiO2 doped Ru4+ decorated with different amount of RuO2. The synthesized 
photocatalysts showed outstanding photoactivity and selectivity in comparison to pure 
TiO2.   
The cycloaddition of CO2 into epoxides generally requires a catalyst with the 
addition of a nucleophile donated as co-catalyst (usually TBAB). Common reaction 
mechanism for the reaction catalyzed by metal oxides and co-catalysts [96] is 
summarized in Figure 9. The reaction begins with epoxide binding to Lewis acid center 
of the metal oxide, followed by nucleophilic attack (generated by the co-catalyst or the 
metal oxide) opening epoxide ring leading to the formation of metal alkoxide bond. 
Generated alkoxide acts as nucleophile for CO2 insertion in the newly formed bond 
forming metal carbonate intermediate. Final step is ring closing producing the desired 
cyclic carbonate, reaction can proceed to form polycarbonate by further addition of 
carbon dioxide and epoxide [96]. 
As mentioned, many catalysts were reported for the cycloaddition of CO2 to 
epoxides nevertheless, few have been reported under 1 atm CO2. Furthermore, only 
two attempts were reported for the photocatalytic utilization of CO2 into epoxides. 
More photocatalysts need to be studied to optimize reaction conditions as it offers an 














1.8 Aim of this Work 
Available literature on FeNbO4 focuses on its application as a sensing material 
and as electrode materials for lithium-ion batteries due to its physical properties. More 
attention is needed to be drawn to the photocatalytic activity of FeNbO4 as limited 
work is found on its activity. The aim of this thesis is to study the effect of different 
synthesizing methods on the physical and chemical properties of iron niobate and 
investigate its photocatalytic activity toward CO2 fixation.   
Figure 9: Proposed mechanism for catalytic insertion of CO2 into epoxides involving 












Following the discovery of photocatalytic water splitting by means of TiO2 
electrode in 1972 [3], enormous work has been implemented to enhance the knowledge 
on heterogeneous photocatalysis. Photocatalytic activities have made a major 
breakthrough in numerous applications including wastewater treatment [97], air 
purification [98] and CO2 conversion [99]. Synthetic method has a major effect on the 
performance of the catalyst as a result of forming different particle sizes, morphology 
and crystalline structures. To date, many synthetic methods have been applied with the 
aim of producing catalysts with high photocatalytic activity. In this chapter, several 
approaches in synthesizing FeNbO4 will be discussed in details. 
Hydrothermal method allows the preparation of the desired phase at a lower 
temperature compared to the conventional solid-state method for the same phase with 
controlled particle size and morphology [46, 100]. Using this method, iron niobate can 
be obtained when solutions of iron and niobium precursors are poured into Teflon-
lined autoclave and heated at a definite temperature for a certain period of time. The 
desired phase then obtained after calcination of the powder at the right temperature. 
Dhak et al. [101] has prepared rod-like FeNbO4 via hydrothermal method with an 
average diameter and length of  7 and 25 nm respectively. Cho et al. [52] synthesized 
spherical FeNbO4 nanoparticles with high surface area with a crystal size in the range 
of 10-20 nm. The desired orthorhombic phase was prepared at low temperature (T= 
600°C) and exhibited high crystallinity, small particle size and high photocatalytic 








The solid-state method is the most dictating among all preparation methods. It 
utilizes the metal oxides powders as a starting materials allowing contact through 
grinding followed by heating at an elevated temperature to obtain the desired phase 
[52, 102]. Harrison et al. [63] prepared FeNbO4 via solid-state method by mixing Fe2O3 
and Nb2O5 at a high temperature of  1200°C for 24 h. Also, Khazai et al. [103] fired 
the mixed powders at 1150°C for 48 hr to obtain the desired monoclinic wolfamite 
phase. Photocatalytic activities of prepared FeNbO4 using solid-state method were 
studied and compared with FeNbO4 prepared via hydrothermal method by Cho et al. 
[52]. The hydrothermally prepared sample showed higher catalytic activity than that 
prepared using solid-state method which can be attributed to the fact that solid-state 
reactions require high temperature, resulting in particle agglomeration and low surface 
area [52]. Therefore, there is a need to develop a synthetic approach, which results in 
improving the photocatalytic activities of the prepared photocatalysts. 
The availability of various synthetic methods provides diverse crystal structure, 
morphology, specific surface area and photocatalytic activities of the prepared 
photocatalyst. Among these methods is the sol-gel method that involves using 
inorganic precursors as starting materials such as alkoxides. Hydrolysis of such 
alkoxides results in the formation of the gel [104]. Sol-gel method is simple, cost 
effective and provides a good control over the purity of the desired product. Worth 
mentioning, the resulted metal alkoxide can be synthesized at a low temperature with 
small uniform sized powders [105]. Devesa et al. [106] reported the synthesis of 
monoclinic FeNbO4 via sol-gel method using citric acid as chelating agent and 
ethylene glycol as a surfactant at low temperature.   
Other methods were implemented for the preparation of nanoscale FeNbO4 








stichometry and the purity of the sample and requires low calcination temperature 
[107]. The preparation of monoclinic FeNbO4 by co-precipitation method was reported 
by Pourroy et al. [108] using ferrous oxalate and Nb(OH)5. In addition, Wang et al. 
[109] have synthesized nanosized FeNbO4 with ordered crystal structure and a 
diameter of 120 nm. Moreover, Biswas et al. [70] also synthesized nanosized iron 
niobate using pyrolysis of a solution containing the precursors and triethanolamine 
(TEA), the resulting powder has a particle size ranging in 35-60 nm.    
In this chapter, synthesis of FeNbO4 will be implemented using different 
preparation methods and using different surfactants in order to find the best preparation 
conditions that produce the most active photocatalyst.  
2.2 Material and Methods 
2.2.1 Synthesis of FeNbO4 Using Co-precipitation Method 
FeNbO4 was synthesized by dissolving 15 mmol of Fe(NO3)3.9H2O in 10 ml 
DI water and 15 mmol of Ammonium niobate (V) oxalate hydrate in 70 ml DI water 
under constant stirring. The two solutions were mixed and stirred vigorously, and a 
yellow suspension started to form, the pH of the final solution was adjusted to 2 using 
NH4OH. The mixture was stirred overnight. Excess solvent was evaporated using 
water bath and the obtained solid was dried in an oven at 100°C for 24 h. The obtained 
powders were calcinated at 1100°C for 6 h. Two more samples at different pH values 
(7 and 10) were prepared using same procedure (procedure presented in Figure 10). 
2.2.2 Surfactant-assisted Synthesis of FeNbO4 Using Co-precipitation Method 
The synthesis of FeNbO4 using surfactants was implemented as described in 








surfactants and 3 mol% sodium dodecyl sulfate were added to iron(III) solution prior 
to the addition of niobium solution in the synthesis of FeNbO4 followed by adjusting 
the pH to 2. 














    
2.2.3 Synthesis of FeNbO4 Using Citrate Method 
Same procedures as described earlier were implemented using different iron 
precursor (iron (III) citrate) dissolved in 400 ml DI water. The pH of the resulting 
solution was 2, with no further changes to the pH was needed at this stage. NH4OH 
was used to adjust the pH of the samples which were prepared at pH 7 and 10. The 
resulting solutions were stirred continuously overnight, followed by evaporating the 
excess solvent. Collected powders were calcinated at 1100°C for 6 h. 









2.2.4 Synthesis of FeNbO4 Using Hydrothermal Method 
Hydrothermally synthesized samples were prepared using the same procedure 
as described in Section 2.2.1, but before leaving the solutions to dry, they were 
transferred to Teflon-lined autoclave and heated at 220°C for 24 h. Finally, the 
collected powder was calcinated at 800°C for 6 h.  
Figure 11: Synthesis of FeNbO4 via hydrothermal method 
 
2.3 Characterization  
2.3.1 UV-vis Diffuse Reflectance Spectroscopy 
UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was used to investigate 
the band gap of all prepared photocatalysts using a Shimadzu UV-3600 UV-vis 
spectroscopy which operates from 200 nm to 800 nm using BaSO4 for baseline 








Tauc plot method [110]. Band gap was calculated using Equation (3) where , h, v, n, 
A, Eg being the absorption coefficient, Planck’s constant, frequency of light, number 
characterizing transition for direct/indirect semiconductor materials (n =  for direct 
transitions), a constant and band gap respectively [111].  
(𝛼𝛼ℎ𝜈𝜈)
1
𝑛𝑛 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                                      (3) 
Band gap was estimated by plotting (αhv)2 vs. hv and extrapolating a line to 
the point of inflection on the curve [112]. 
2.3.2 Powder X-ray Diffraction Spectroscopy (PXRD)  
The crystalline structure of the prepared powders was examined using 
Shimadzu-6100 X-ray powder diffractometer with Cu-Kα radiation. X-ray tube 
working voltage and current were 40 kV and 30 mA respectively where λ= 1.542 Å. 
The data were obtained from 10-80° at a rate of 2°/min.  
2.3.3 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray 
Spectroscopy (EDX)  
The morphology and the elemental distribution of the prepared catalysts were 
investigated using a FEI SEM Quanta Inspect S50 scanning electron microscope 
equipped with EDX-Oxford INCA PENTA. Samples were placed on a sample’s holder 
with carbon tape and then coated with gold before analysis and images were collected 
at a voltage of 30 Kv. 
2.3.4 Surface Area and Porosity 
BET surface area was determined by nitrogen adsorption-desorption isotherm 
at 77 K using a Quantochrome Autosorb-1 volumetric gas sorption instrument. 








calculated using Brunauer-Emmett-Teller (BET) theory, and Barett-Joyner-Halenda 
(BJH) model was used to determine pore size.   
2.4 Results and Discussion  
2.4.1 UV-vis Diffuse Reflectance Spectroscopy (DRS) 
The optical activity for the prepared photocatalysts was measured using UV-
vis Diffuse Reflectance Spectroscopy, Tauc plot was used for determining the band 
gap as shown in Figures 12-15. The calculated direct band gap for the monoclinic 
prepared FeNbO4 samples by co-precipitate method (Figure 12) are 1.85, 1.81 and 2.05 
eV at pH 2, 7 and 10 respectively. Moreover, surfactants assisted-FeNbO4 
photocatalysts prepared at acidic conditions show a significant blue shift which 
corresponds to an increase in their band gap energies as shown in Figure 13. The 
photocatalyst synthesized using polyethylene glycol (PEG-400) shows the highest 
band gap value of 2.20 eV compared to other samples, as displayed in Table 2.  
Tauc plot of photocatalysts prepared by citrate method is shown in Figure 14, 
catalysts prepared at pH= 2 and pH= 7 showed close optical band gaps of 1.90 and 
1.95 eV respectively, whereas, catalyst of pH= 10 has a narrower band gap of 1.84 eV. 
Figure 15 shows the band gap for hydrothermally prepared samples, where the three 
samples prepared at pH= 2, 7 and 10 has a close band gap value. It can be concluded 
that all prepared photocatalysts have the ability to harvest light in the visible region   























 Figure 14: Tauc plot for the prepared FeNbO4 by citrate method at different pH values 









2.4.2 Powder X-ray Diffraction Spectroscopy (PXRD) 
Powder X-ray Diffraction was used to confirm the crystal structure of the 
prepared FeNbO4 nanoparticles. All diffraction peaks can be indexed for the 
monoclinic structure (JCPDS file No.16-0374). Figure 16 shows PXRD patterns of 
FeNbO4 prepared using co-precipitation method at different pH values. Compared to 
FeNbO4 prepared at pH= 7 and 10, sample prepared at pH= 2 shows sharper and 
stronger characteristic peak (110) corresponds to the monoclinic FeNbO4 that is rather 
characterized by low intensity [113]. Nevertheless, the sample prepared at pH= 2 also 
exhibits additional peaks correspond to a monoclinic NbO2. In contrast, additional 
peaks correspond to α-Fe2O3 were observed for FeNbO4 prepared at pH= 7 and pH= 
10. Monoclinic NbO2 and α-Fe2O3 were correlated to the crystallographic information 
data base (JCPDS file No.09-0235) and (JCPDS file No.33-0664) and marked as • and 
∇ respectively as shown in Figures 16-19. 
The following equation was proposed by Joy and Sreed for calculating the 
weight percentage for the two observed phases [114]. 
Wt.% FeNbO4 phase = (
IFeNbO4
IFeNbO4+IFe2O3
) X 100                             (4) 
where is the intensity of the highest main peak for FeNbO4 and is the intensity for the 
highest peak found for Fe2O3. The calculated percentages for the sample at pH= 10 
are: %FeNbO4 = 90.96833, % Fe2O3 = 9.03167. The formation of Fe2O3 is attributed 
to the formation of Fe(OH)2 at basic condition which produces Fe2O3 upon calcination. 
The weight percent for the additional monoclinic phase NbO2 under acidic condition 
was also calculated using Equation (4) where the highest peak intensity for FeNbO4 
(111) and NbO2 (-203) were used instead of Fe2O3. Calculated percentages are 








Figure 16: PXRD patterns of prepared FeNbO4 at different pH values 
 
Table 1: Lattice parameters and physical properties for FeNbO4 prepared by co-
precipitation method 


























2 5.05 5.65 4.69 90 134 - 4.57 49.06 1.341 1.85 
7 5.03 5.63 4.66 90 132 21.5 - 54.47 0.301 1.81 








Figure 17 shows XRD patterns for samples prepared by co-precipitate method 
at pH= 2 with different surfactant added. Surfactant assisted FeNbO4 formation 
exhibited similar peaks pattern as in FeNbO4 prepared at pH= 2, however, more intense 
peaks of NbO2 are observed. It is noted that the crystal size decreases upon addition of 
the surfactant where adding surfactants to the reaction prevents crystal agglomeration 
resulting in a smaller crystal size, data are shown in Table 2. The smallest calculated 
value of 40.77 nm corresponded to sample prepared in the presence of polyethylene 
glycol (PEG-400). In regard to the crystal volume, PEG-400 has the smallest volume 














Table 2: Lattice parameters and physical properties for surfactant assisted FeNbO4 at 
pH= 2 prepared by co-precipitation method 
 
Figure18 shows PXRD pattern of samples prepared using citrate method at 
different pH values. The PXRD pattern of samples prepared at pH= 7 and 10 exhibit a 
gradual 0.2° shift towards lower diffraction angels. According to Bragg’s low, a shift 
to a lower diffraction angle represents an increase in the interplanar spacing i.e. an 
expansion of the unit cell. The calculated crystalline size for both prepared samples at 
pH= 7 and 10 show a smaller value of 43.33 nm compared to the sample prepared at 
pH= 2 which has a value of 48.29 nm. Moreover, the PXRD pattern confirms the 
existence of Fe2O3 along with FeNbO4. However, based on the intensity ratio, the 




























SDS 5.09 5.60 4.66 90 133 - 12.8 48.52 1.119 2.05 
EG 5.07 5.60 4.66 90 133 - 19.5 48.91 1.739 1.93 












































Fe2O3 NbO2  
2 4.66 5.65 4.69 89.9 122 7.55 - 48.29 0.829 1.90 
7 4.94 5.65 4.70 89.9 131 11.57 - 43.33 0.4268 1.95 
10 4.70 5.67 4.70 89.9 125 8.11 - 43.33 0.4601 1.84 








Figure 19 displays PXRD patterns of FeNbO4 samples prepared by 
hydrothermal method at different pH values. The PXRD pattern of sample prepared at 
pH= 7 exhibit a 0.1° shift towards higher diffraction angels. In contrast, the PXRD 
pattern of sample prepared at basic conditions experienced a red shift of 0.2° towards 
lower diffraction angels. Along with FeNbO4, the PXRD patterns confirms the 
presence of α-Fe2O3 in the prepared samples. Details % phase compositions are listed 
in Table 4. Observed shift could be attributed to the change in the chemical 
composition i.e. presence of Fe2O3 and NbO2 and the stress within the crystal as well 
[115]. The crystalline size was estimated using Scherer’s equation, considering the full 














Table 4: Lattice parameters and physical properties for FeNbO4 prepared by 
hydrothermal method 
 
The band edge of a crystalline material is affected by the crystalline structure 
and the chemical composition of the substance. The interatomic distances within the 
lattice increase when the lattice constant increases i.e. volume increases, in turn, 
decreases the binding energy of the valance electrons when compared to the parent 
atom. Therefore, less energy is needed to excite the electrons to the conduction band 
when the volume of the lattice increases. In a similar manner, changing the chemical 
composition within the bulk of a crystalline semiconductor introduces what so-called 
a heterojunction i.e. an interface between the band edges, its behavior depends on the 
alignment of the energy bands at the interface. Impurities such as Fe2O3 and NbO2 
form heterojunctions that reduce the energy needed to excite the electrons to the upper 
energy levels. Hence, obtained band gaps for the prepared FeNbO4 decreased as 
percent of Fe2O3 and NbO2 increased.     
Based on the research findings, a direct correlation between the large lattice 
volume and the band gap of the obtained crystals was observed in samples prepared 























Fe2O3 NbO2  
2 5.03 5.65 4.68 90 132 10.7 - 46.06 1.203 1.99 
7 4.97 5.62 4.56 89.9 127 4.4 - 42.96 0.438 1.94 








the largest volume and contains the highest amount of impurities has the smallest band 
gap. Same findings observed when using co-precipitation method with and without 
surfactants added.  
2.4.3 N2 Adsorption-desorption Analysis 
The surface area of the prepared nanoparticles was obtained using N2 
adsorption-desorption isotherm. Specific area for the FeNbO4 nanoparticles prepared 
under co-precipitation method at pH= 2, 7 and 10 values were estimated using the 
Brunnauer-Emmett-Teller (BET) method and was found to be ~0.5118, 0.5412 and 
0.3621 m²/g respectively. Adsorption-desorption isotherms for all the prepared 
samples matches type-III isotherm with observed hysteresis loop range of 0.7-1.0 P/P0. 
Results indicate that pH/ surfactant assisted synthesis has little impact on the measured 
surface area. The highest surface area was measured for EG prepared sample 1.74 
m2/g. Remaining surfactants exerted larger surface area than prepared FeNbO4 under 
acidic co-precipitate method (Tables 1-4).  
2.4.4 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray (EDS) 
Analyses 
SEM images of prepared FeNbO4 using co-precipitation method show an 
increase in particle size as pH value increases. At pH= 2, prepared FeNbO4 shows an 
agglomerated sphere like morphology with uniformity in size. Whereas FeNbO4 
synthesized at pH= 7 and 10 display an agglomerated larger rock-like particles with 
scattered particles that can be attributed to the additional phase α-Fe2O3 (Figure 20). 
FeNbO4 prepared using surfactants at pH= 2, show almost the same particle size. 
Figure 21 shows highly agglomerated fine particles indicating that surfactants have no 








 Figure 22 shows SEM of prepared FeNbO4 using citrate method. Using this 
method, samples adopt irregular agglomerated particles morphology. Additionally, 
samples prepared under hydrothermal conditions are presented in Figure 23. Figure 
23a clearly shows that the prepared sample at pH= 2 is highly granular. As for samples 
prepared at pH= 7 and pH= 10 they exhibited agglomerated particles with rough edges.  
EDX analyses was implemented to determine the purity and elemental composition of 
the prepared FeNbO4. EDX data reveal the presence of Fe, O, Nb elements with no 
other elemental impurities were detected (Tables 5-8) with atomic ratio of Fe to Nb is 
near to 1:1.5 for surfactant-assisted samples which indicate the presence of the of NbO2 



















Figure 20: SEM images of FeNbO4 nanomaterial using co-precipitation method 



























Figure 21: SEM images of prepared FeNbO4 using co-precipitation method with 
surfactant (a) SDS, (b) EG, and (c) PEG (400)  
(a) (b) 
(c) 
Figure 22: SEM images of prepared FeNbO4 using citrate method (a) pH= 2, (b) pH= 
7 and (c) pH= 10 
37 
Table 5: Weight and atomic percentage of FeNbO4 prepared by co-precipitation 
method 
pH 
Weight% Atomic % 
O Fe Nb O Fe Nb 
2 30.75 23.22 46.03 67.84 14.68 17.49 
7 27.85 32.07 40.09 63.62 18.78 17.60 
10 27.47 35.79 36.73 62.19 24.14 13.67 
(a) (b) 
(c) 
Figure 23: SEM images of prepared FeNbO4 using hydrothermally (a) pH= 2, (b) 








Table 6: Weight and atomic percentage of FeNbO4 with different surfactants prepared 
by co-precipitation method at pH= 2 
 
Table 7: Weight and atomic percentage of FeNbO4 prepared by citrate method 
 
2.5 Conclusion 
In conclusion, monoclinic FeNbO4 phase was obtained using three distinctive 
preparation routes and calcination temperature of 1100°C for 6 h. UV-vis (DRS) 
measurements show that all prepared FeNbO4 nanoparticles exhibited a narrow band 
gap energies (1.81 eV-2.25 eV) indicating their ability to absorb light in the visible 
region with prepared FeNbO4 using co-precipitation method at pH= 7 shows the lowest 
band gap energy of 1.81 eV. Moreover, an apparent shift of the band gap energy of the 
FeNbO4 relative to that of the bulk was observed based on reaction conditions and 
method used. PXRD patterns confirms the existence of the monoclinic FeNbO4 phase. 
NbO2 phase was only observed for sample prepared at pH= 2 using co-precipitation 
Surfactant 
Weight% Atomic % 
O Fe Nb O Fe Nb 
SDS 23.89 21.41 54.70 60.57 15.55 23.88 
EG 32.38 15.93 51.69 70.63 9.95 19.41 
PEG 28.38 24.45 47.17 65.24 16.10 18.67 
pH 
Weight% Atomic % 
O Fe Nb O Fe Nb 
2 42.06 25.88 32.06 76.48 13.48 10.04 
7 41.45 25.51 33.05 76.13 13.42 10.45 








method. Moreover, all surfactant assisted synthesis using co-precipitation method 
showed higher percentage for NbO2 phase. On the other hand, Fe2O3 was obtained for 
the other prepared FeNbO4 in different ratios. SEM images show that no distinct 
morphology was adopted, and all samples are agglomerated particles and adding 






























Owing to their mechanical, electrical and optical properties, graphene-based 
materials are used in numerous applications [116, 117]. Reduced graphene oxide 
(rGO), is obtained by the chemical reduction of graphene oxide (GO) [118]. Various 
reducing agents have been reported for the chemical reduction of GO to rGO including 
hydrazine hydrate [119], hydroquinone [120], NaBH4 [121], HI [122], Zn and Fe 
powders [120, 123]. Reduced graphene oxide is a two-dimensional carbon sheet with 
hydroxy, epoxy and carboxylic groups randomly distributed on the plane and the edge 
of the sheet (Figure 24) [124]. In photocatalysis, rGO is used as a support for 
photocatalysts improving their performance due to its superior photoelectrical 
properties and high electron mobility [125]. In addition, rGO can reduce the 
recombination rate of the generated electron-hole pairs by acting as electron acceptor 
and transfer mediator [126]. Furthermore, it increases charge transfer and adsorption 

























Numerous photocatalysts have been synthesized incorporating rGO and their 
photocatalytic activities were tested, such photocatalysts include TiO2 [128], ZnO 
[129, 130], CeO2 [131], BiVO4 [132], and FeVO4 [133] … etc. Luo et al. [134] have 
prepared TiO2 incorporating rGO nanocomposite, results indicated that using rGO has 
not only enhanced the adsorption ability of the photocatalysts but also improved the 
catalytic activity. Furthermore, Meng and Zhang [135] reported Ag-rGO-Bi2MoO6 
composite which exhibited photocatalytic activity towards the removal of organic 
pollutants in wastewater which is attributed to the high separation of electron-hole 
pairs trapped by rGO and Ag. Ni et al. [136] proved that ZnAl/rGO composite has 
promising photocatalytic activities for the photodegradation of antibiotics such as 
ciprofloxacin in aqueous solution. Moreover, mixed metal oxides were also 
synthesized incorporating rGO; Wang et al. [125] constructed rGO/BiVO4 composite 
and used it for the photocatalytic degradation of methylene blue. The prepared 
composite exhibited higher charge separation and improved surface adsorption 

















nanocomposite was synthesized and its electrochemical properties were studied by 
Mishra et al. [133].  
Thus far, FeNbO4 photocatalyst has not yet been studied incorporating rGO. In 
this chapter, the synthesis, characterization and photocatalytic activity of FeNbO4/rGO 
composites are presented. 
3.2 Materials and Methods 
3.2.1 Synthesis of Reduced Graphene Oxide (rGO)  
Modified Hummers’ method was used for preparing GO followed by the 
chemical reduction to rGO. In a typical synthesis, 2 g graphite powder (+100 mesh) 
was mixed with 0.12 g of NaNO3 and 60 ml H2SO4. Mixture was left stirring for 1 h 
followed by the incremental addition of 6 g KMnO4 with continuous stirring for 
another 1 h, then placed in ice bath and then 60 ml DI water was added. An additional 
200 ml of DI water was added, and the temperature was increased to 90°C and was 
held constant for 30 min. The mixture was treated with 30 ml H2O2 solution (30%) and 
washed with 2M HCl and DI H2O. The obtained GO was filtered, collected and dried 
in 100°C oven for 24 h. The chemical reduction of GO to rGO was accomplished using 
hydrazine hydrate. In a typical synthesis, 5 ml of hydrazine hydrate was added to GO 
suspension, the obtained rGO was washed with DI water and dried in 100°C oven for 
24 h. 
3.2.2 Synthesis of FeNbO4/rGO Composites 
FeNbO4/rGO composites were prepared with three different mass ratios.  
FeNbO4 was prepared as described in Section 2.2.1. For preparing FeNbO4 3% rGO 








was added, the mixture was ultra-sonicated for 30 min. The suspension was transferred 
to a stainless-steel Teflon reactor and placed at 130°C in an oven for 2 days. The 
product was left for drying and the obtained powder was grinded.  
Two more mass ratios of 5% and 10% were prepared following the same 
procedure described earlier were 0.05 g and 0.1 g of rGO were added respectively. 
3.3 Characterization 
Same characterization techniques were used as described in Chapter 2 (Section 
2.2), however SEM and EDX data for this chapter where obtained using Quattro S 
equipped with EDX system.  
3.3.1 Nuclear Magnetic Resonance (NMR) 
1H and 13C NMR spectra were used to identify the structure of the obtained 
product using Varian-400 MHz in chloroform-d as a solvent. 
3.3.2 Fourier Transform Infrared Spectroscopy (FT-IR)  
ATR-FTIR (IR Prestige-21, Shimadzu) was used to detect the product 
functionalities with frequency range from 500 to 3500 cm-1.  
3.4 Photocatalytic Activity 
 Photocatalytic activity of the prepared photocatalysts was evaluated for the 
cycloaddition of CO2 into propylene oxide. Reaction was conducted in a mixture of 1 
ml methanol as hole scavenger and 4 ml acetonitrile, 9 mg TBAB was added as a co-
catalyst, 50 mg photocatalysts and 100 μl of propylene oxide. Reaction mixture was 
irradiated with halogen lamp (500 W) kept at 13 cm from reaction flask under constant 








stopped, it was filtered to remove the photocatalyst and washed with water and 
dichloromethane (DCM) to separate the product from TBAB. Separated DCM solution 
was evaporated, and product was characterized using 1HNMR, 13CNMR in 
chloroform-d as a solvent and FT-IR. 
3.5 Results and Discussion 
3.5.1 UV-vis DRS for Pure FeNbO4 and FeNbO4/rGO Composites 
Figure 25 shows Tauc plot for pure FeNbO4 and different FeNbO4/rGO 
composites. Pure FeNbO4 has a band gap of 1.99 eV, upon increasing weight percent 
of rGO, no obvious change in the band gap was observed. 3% rGO, 5% rGO and 10% 
rGO composites has a bandgap of 2 eV.      
 








 3.5.2 PXRD Analysis for Pure FeNbO4 and FeNbO4/rGO Composites 
PXRD was used to identify the crystal structure of the prepared composites 
using different rGO ratios. As presented in Figure 26, all prepared composites display 
diffraction peaks for the monoclinic structure (JCPDS file No.16-0374) as the pure 
prepared FeNbO4. Moreover, observed extra peaks correspond to the monoclinic NbO2 
(JCPDS file No.09-0235) marked as • in Figure 26.  
Diffraction patterns for composite of 3% rGO and 10% rGO show a gradual 
0.12° shift towards lower diffraction angles, indicating an expansion of the unit cell. 
Crystal size for the prepared composites was calculated using Scherrer’s equation 
(Table 8). 
Figure 27 reveals that peak intensity between 26° and 27° increase as percent 
rGO increases. NbO2 has two major peaks around 25.87° and 26.66°, likewise, 
prepared rGO shows a broad peak at 26.3°, causing an overlap between the peaks as 
presented in Figure 27 which verifies the existence of rGO in FeNbO4/rGO 











































Figure 27: Zoomed in view of the XRD pattern  








3.5.3 BET Surface Analysis for Pure FeNbO4 and FeNbO4/rGO Composites 
The BET specific area of pure FeNbO4 and FeNbO4/rGO composites were 
investigated by N2 adsorption-desorption isotherm measurements. Hysteresis loop of 
the prepared pure FeNbO4 and FeNbO4 composites are in accordance with of type III 
isotherm (Figure 28). As presented in Table 1, pure FeNbO4 shows the smallest surface 
area of 1.1288 m2/g. Nevertheless, as percent rGO increases surface area increases. 
The surface area of the prepared composites was found to be 1.4115 m2/g, 1.5982 m2/g, 















Table 8: Lattice parameters and physical properties for FeNbO4 and FeNbO4/rGO 
composites prepared by co-precipitation method 
 
3.5.4 Morphology Characterization (SEM) and Elemental Analysis (EDX) for   
Pure FeNbO4 and FeNbO4/rGO Composites 
Morphology and elemental composition of the prepared composites and pure 
FeNbO4 were investigated using SEM and EDX respectively. The FeNbO4/rGO 
composites of different rGO ratios and pure FeNbO4 have the same morphology. 
Figure 29 show that all photocatalytsts exhibit small agglomerated particles. It can be 
concluded that morphology and particle size are not affected by the increase in rGO 
content, which is attributed to the low content of rGO [137]. 
EDX analysis was used to determine the chemical composition of the prepared 
photocatalysts, data are presented in Table 9 and Figure 46. Figure 46 confirms the 
presence of Fe, Nb, O,  and C with no extra peaks of any impurities. Elemntal mapping 
shows the distribution of Fe, Nb, O and C, obtained data is in agreement with XRD 























FeNbO4 5.00 5.64 4.66 89.9 117 4.7 44.45 1.1288 1.99 
3% rGO 5.04 5.65 4.69 90.0 119 - 44.26 1.4115 2.01 
5% rGO 5.00 5.62 4.65 89.9 117 - 32.82 1.5982 2.01 















(e)         (f)      
(g) (h) 
Figure 29: SEM images of (a,b) pure FeNbO4, (c,d) FeNbO4-3% rGO, (e,f) FeNbO4-































Figure 30: SEM elemental mapping of Fe, Nb, O and C for (a) FeNbO4-3% rGO, (b) 



























Weight% Atomic % 
O Fe Nb C O Fe Nb C 
FeNbO4 18.48 16.57 64.96 - 53.79 13.79 32.51 - 
3% rGO 21.99 18.13 55.80 4.08 52.08 12.30 22.76 12.86 
5% rGO 21.65 11.41 45.77 21.65 47.16 5.35 12.89 47.16 
10% rGO 20.09 18.76 57.05 4.10 49.30 13.19 24.11 13.40 
(c) 
Figure 30: SEM elemental mapping of Fe, Nb, O and C for (a) FeNbO4-3% rGO, (b) 








3.6 Photocatalytic Reaction of Prepared FeNbO4/rGO Composites Toward the 
Cycloaddition of CO2 into Epoxides 
Using 1H and 13C NMR, it was confirmed that the obtained product of all 
prepared photocatalysts is propylene carbonate with no formation of polymeric by-
products, where all peaks appeared in correct ratio of integration (Figures 31 and 32). 
Methyl group protons appeared as a doublet around 1.49 in 1H spectrum. Two 
multiplet peaks appeared at 4.0 and 4.5 ppm refers to CH2 protons and a multiplet at 
4.8 ppm for CH proton that is coupled to methyl and methylene hydrogens. 1H NMR 
(400 MHz, CDCl3) δ: 1.49-1.50 (d, 3H), 3.92- 4.01 (m, 1H), 4.50-4.55 (m, 1H), 4.80-
4.90 (m, 1H). 13C NMR spectrum (Figure 32) shows peak at 19 ppm for primary 
carbon. Peak at 70 ppm corresponds to secondary carbon, and a peak at 73 ppm refers 
to primary carbon. Finally, carbonyl carbon appeared at 156 ppm. 13C NMR (101 
MHz, CDCl3) δ: 19, 70,73, 156. Moreover, FT-IR was conducted to confirm the 
obtained product, a band at 1790 cm-1 and at about 1180 cm-1 for C=O and C−O stretch 
respectively confirms the formation of propylene carbonate (Figure 33).  
As presented in Table 10, pure FeNbO4 showed percent yield of 18%. As 
percent rGO increases percent yield increases, FeNbO4-5% rGO composite showed 
the highest yield (57%). Composite of FeNbO4-10% rGO presented lower percent 
yield (35%) suggesting that the optimal mass ratio of rGO is in the range of 5% and 
10%. The decrease in the photocatalytic activity of FeNbO4-10% rGO loading could 
be ascribed to the shielding effect of the incident photons by rGO sheet, hence 
decreasing the electron generation of the photocatalyst [138, 139]. Furthermore, the 
excess addition of rGO could cover the active sites of the photocatalyst resulting in 








To prove that the reaction proceeds photocatalytically, composite of the highest 
yield (FeNbO4-5% rGO) was evaluated under same conditions with no visible light 
irradiation (kept in the dark). A low yield of 12% was obtained indicating that reaction 
proceeds exceptionally photocatalytic. The low yield found for pure FeNbO4 is 
attributed to the low band gap of the photocatalyst, increasing the recombination rate 
hence decreases activity. FeNbO4/rGO composites exhibited higher photocatalytic 
activity where rGO act as a sheet for electrons to move on preventing electron-hole 
pair recombination, thus giving higher activity. Moreover, reaction with only TBAB 
was conducted (entry 5) with a negligible yield of 9% emphasizing the necessity for a 
photocatalyst. Conventionally, reactions proceed at high temperatures, to check the 
role of the heat coming from the Halogen lamp, experiment with only heat involved 
was conducted (entry 7). Percent yield was 6%, implying the minor effect of heat on 
















































































Based on obtained data, a suggested mechanism for the photocatalytic reaction 
is proposed in Figure 34. The small band gap of FeNbO4 and its rGO composites allow 
the photocatalysts to absorb light in the visible region. Then the absorbed photons of 
the incident light excite electrons to the conduction band producing (h+) and (e-). 
Electrons at the conduction band are captured by the rGO sheet and convert CO2 to 
CO2・-, while methanol act as hole scavenger generating more photoexcited electrons. 
Epoxide also donates electrons converted to epoxide radical cation, followed by the 
nucleophilic attack of the less hindered carbon by Br- opening the epoxide ring. The 




   
Entry Photocatalyst Reaction conditions Yield (%) 
1 FeNbO4 visible light 18 
2 FeNbO4-3% rGO visible light 45 
3 FeNbO4-5% rGO visible light 57 
4 FeNbO4-10% rGO visible light 35 
5b) TBAB visible light 9 
6 FeNbO4-5% rGO no light 12 
7 FeNbO4-5% rGO heat with no light 6 
a) Reaction conditions: propylene oxide (1.4 mmol), TBAB (0.028 mmol), 4 ml 
CH3CN and 1ml MeOH, 50 mg photocatalyst, reaction conducted at 14 atm 




















3.7 Conclusion  
Three different FeNbO4/rGO mass ratios were successfully prepared, 
characterized and their photocatalytic activities were evaluated. Results show that rGO 
content had no effect on the calculated bandgap and morphology due to the small 
amount of rGO added. On the other hand, as percent rGO increases photocatalytic 
activity of the catalysts increases, where FeNbO4-5% rGO exhibited the higher activity 
suggesting that 5% rGO is the optimum mass ratio for such system. In conclusion, rGO 
exhibited excellent separation of electron-hole pairs carrying the photocatalytic 
reaction resulting in higher yield.  
 













Metal organic frameworks (MOFs) are new microporous crystalline materials 
developed over the last two decades. Constructed form inorganic nodes and 
multifunctional organic linkers, MOFs have an outstanding potential applications due 
to their high surface area [142, 143], tunable pore size [144, 145], gas adsorption 
capabilities [146, 147] and storage ability [148, 149]. Among these applications; 
MOFs showed an interesting photocatalytic activities towards photodegradation of 
various pollutants [150], water splitting [151], photoreduction of CO2 [152] and 
photocatalytic production of value-added chemicals [153]. Particularly, MIL-125(Ti) 
has exhibited remarkable photocatalytic activities in many different applications [154]. 
Nonetheless, MIL-125(Ti) has a large band gap of 3.57 eV [155] making it utilizes 
light in the UV region [156]. Therefore many methods were implemented to reduce its 
band gap, among which, introducing an amino group to the MOF linker [157].  
NH2-MIL-125(Ti) showed optical band gap of 2.72 eV, where amine 
functionality available on the benzene ring donate electrons from its 2p orbital 
resulting in a red shift above the VB edge of MIL-125(Ti) [155]. Wang et al. [156] 
reported the first photoreduction of CO2 to formate under visible light irradiation using 
NH2-MIL-125(Ti) and triethanolamine as electron donor. Moreover, Horiuchi et al. 
[158] reported hydrogen photoproduction over NH2-MIL-125(Ti) under visible light 
using Pt nanoparticles as a co-catalyst. Rocha et al. [159] have tested post-synthetic 
modified NH2-MIL-125(Ti) with Cr(III) and Ag nanoparticles for the decomposition 








Metal and mixed metal oxides display relatively low surface area, hence the 
construction of MOF/mixed metal oxides composites shall provide a composite with 
higher surface area, where each component maintain its own identity while 
contributing its characteristics to the new system [160]. In this regard, Zhu et al. [161] 
have synthesized BiOBr/NH2-MIL-125(Ti) composite for the photocatalytic 
degradation of rhodamine B (RhB) dye. The composite have showed higher surface 
area compared to the pure BiOBr and higher photocatalytic activity due to Ti3+-Ti4+ 
electron transfer and the synergistic effect between BiOBr and the MOF [161]. Hu et 
al. [162] composite of BiOCl/NH2-MIL-125(Ti) showed large surface area allowing 
for more contaminants adsorption such as tetracycline hydrochloride (TC), bisphenol 
A (BPA) and other reactive species. Consequently, the composite exhibited enhanced 
photocatalytic activity for the removal of TC and BPA [162]. Likewise, superior 
photodegradation toward methylene blue (MB) were encountered for the prepared 
series of BiOI/NH2-MIL-125(Ti) composites under visible light by Wu et al. [163]. In 
addition, Karmaoui et al. [164] have used Ag3PO4 to modify NH2-MIL-125(Ti) band 
gap by constructing Ag3PO4/NH2-MIL-125(Ti) composite. The optical band gap of 
NH2-MIL-125(Ti) (2.51 eV) shifted to 2.39 eV for the composite. Hence, the prepared 
composite showed higher photocatalytic activity for the removal of rhodamine B 
(RhB) and methylene blue (MB) under visible light irradiation [164]. 
In this chapter three composites of different mole ratios of FeNbO4 added to 
NH2-MIL-125(Ti) were prepared, characterized and their photocatalytic activities 









4.2 Materials and Methods  
4.2.1 Synthesis of FeNbO4 Using Co-precipitation Method 
FeNbO4 was synthesized at pH= 2 following procedures in Chapter 2 (Section 
2.2.1). 
4.2.2 Synthesis of NH2-MIL-125(Ti) 
NH2-MIL-125(Ti) was synthesized by dissolving (1 g, 6 mmol) of 2-amino 
benzene dicarboxylic acid in a mixture of 50 ml DMF and 50 ml methanol. The 
mixture was placed in a 100 ml sealed tube, (910 μL, 3 mmol) of titanium isopropoxide 
was added to the mixture, yellow powder started to form. The sealed tube was then 
placed in an oil bath at 130°C for 24 h. The powder was filtered using suction filtration 
and washed with DMF to remove unreacted materials. Product washed with methanol 
several times to exchange DMF.  
4.2.3 Synthesis of FeNbO4/NH2-MIL-125(Ti) Composites 
Three different mole ratio composites of FeNbO4/NH2-MIL-125(Ti) were 
prepared. FeNbO4 (25%)/NH2-MIL-125(Ti) (75%) composite was prepared by simple 
physical mixing of 25 mol% of FeNbO4 and 75 mol% of NH2-MIL-125(Ti) in 5 ml 
acetone. The mixture was then left in the oven to dry, the other two composites FeNbO4 
(50%)/NH2-MIL-125(Ti) (50%) and FeNbO4 (75%)/NH2-MIL-125(Ti) (25%) were prepared 
following the same procedures.   
4.3 Characterization  









4.4 Photocatalytic Activity of FeNbO4, NH2-MIL-125(Ti) and their Composites   
The photocatalytic activity was investigated for the same reaction described in 
Chapter 3, following same steps except that the reaction was kept for 72 h.  
4.5 Results and Discussion  
4.5.1 UV-vis DRS for Pure FeNbO4 and Composites 
Optical adsorption properties were obtained for pure FeNbO4, NH2-MIL-
125(Ti) and their composites. Band gaps were calculated using Tauc plot method, 
optical bad gaps are presented in Figure 35. NH2-MIL-125(Ti) presents the largest 
band gap of 2.68 eV, same value was reported by Wang et al. [165]. Prepared 
composites of FeNbO4 and NH2-MIL-125(Ti) with different mole ratio exhibited a red 
shift that corresponds to a narrower band gap. As FeNbO4 mole percent increases, 
calculated band gap decreases, interestingly, FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) 


















4.5.2 PXRD Analysis for Pure FeNbO4 and Composites 
All diffraction peaks obtained for the synthesized NH2-MIL-125(Ti) are in a 
good agreement with the first reported NH2 fictionalized MIL-125(Ti) by Zlotea et al. 
[166]. Pure FeNbO4 diffraction pattern is indexed for monoclinic phase (JCPDS file 
No.16-0374). As for the prepared composites, XRD pattern display both diffraction 
peaks for NH2-MIL-125(Ti) and FeNbO4 implying the successful incorporation of both 
systems. Peaks intensity represents the amount of the existed system e.g. for FeNbO4 
(75%)/NH2-MIL-125(Ti) (25%), FeNbO4 peaks are more intense compared to NH2-MIL-
125(Ti) and peaks intensity increase as mole ratio increase as observed in Figure 36. 
Crystal size of the composites was calculated using Scherrer equation is presented in 





















4.5.3 N2 Adsorption-desorption Analysis 
Surface area and porosity of prepared composites and pure NH2-MIL-125(Ti) 
and FeNbO4 were analyzed through N2 adsorption-desorption isotherm. Pure NH2-
MIL-125(Ti) exhibited type IV isotherm with a H3 hysteresis loop observed with a 
relative pressure range between 0.5-1.0 associated to capillary condensation which 
indicates the existence of mesoporous (Figure 37). The three different mole ratio 
composites displayed type-IV with hysteresis loop same as pure NH2-MIL-125(Ti). 
Calculated surface area for NH2-MIL-125(Ti), FeNbO4 (25%)/NH2-MIL-125(Ti) (75%), 
FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) and FeNbO4 (75%)/NH2-MIL-125(Ti) (25%) is 
1025.71 m2/g, 856.40 m2/g, 820.92 m2/g and 666.13 m2/g respectively. Surface area of 
the composites decreased as mole ratio of FeNbO4 increases owing to the small surface 








Figure 37: N2 adsorption-desorption isotherm of pure NH2-MIL-125(Ti) and the three 








 Table 11: Physical properties of NH2-MIL-125(Ti), FeNbO4 and their composites 
 
4.5.4 Morphology Characterization (SEM) and Elemental Analysis (EDX) 
Elemental analysis and SEM images of NH2-MIL-125(Ti), FeNbO4 and their 
composites are presented in Figures 38 and 47. NH2-MIL-125(Ti) shows a mixture of 
agglomerated spherical and cube-like structure with sharp edges. As discussed in 
Chapter 2, FeNbO4 exhibited agglomerated sphere-like morphology. As displayed in 
Figure 38 (c) FeNbO4 (25%)/NH2-MIL-125(Ti) (75%) presented the same morphology as 
pure NH2-MIL-125(Ti) with more agglomeration and less defined edges. As percent 
FeNbO4 increases, more the agglomeration is and the more the morphology becomes 
like FeNbO4. 
EDX spectra confirm the elemental composition of the composites and pure 
NH2-MIL-125(Ti) where no extra peak was observed for any impurities present in 
Table 12. Elemental mapping shows the distribution of C, N, O, Ti, Fe, Nb elements 
through the samples (Figure 48). SEM and EDX images conclude that FeNbO4 is 







NH2-MIL-125(Ti) 2.68 32.26 1025.71 0.57 
FeNbO4 (25%)/NH2-MIL-
125(Ti) (75%) 
2.67 38.13 856.40 0.49 
FeNbO4 (50%)/NH2-MIL-
125(Ti) (50%) 
2.55 38.13 820.92 0.45 
FeNbO4 (75%)/NH2-MIL-
125(Ti) (25%) 
2.65 38.13 666.13 0.37 








completely integrated with NH2-MIL-125(Ti) which can assist the transmission of the 
















Figure 38: SEM images of (a) NH2-MIL-125(Ti),  (b) FeNbO4, (c) FeNbO4 (25%)/NH2-









Table 12: Weight and atomic percentage of NH2-MIL-125(Ti), FeNbO4 and their composites 
Samples 
Weight % Atomic % 
C N O Ti Fe Nb C N  O Ti Fe Nb 
 NH2-MIL-125(Ti) 22.78 5.54 25.83 45.86 - - 39.00 8.13 33.19 19.68 - - 
FeNbO4 (25%)/NH2-MIL-125(Ti) 
(75%) 
30.85 9.14 34.26 16.53 1.36 7.85 44.16 11.22 36.82 5.93 0.42 1.45 
FeNbO4 (50%)/NH2-MIL-125(Ti) 
(50%) 
20.72 4.96 31.44 30.74 0.45 11.69 35.79 7.35 40.77 13.31 0.17 2.61 
FeNbO4 (75%)/NH2-MIL-125(Ti) 
(25%) 








4.6 Photocatalytic Reaction of FeNbO4, NH2-MIL-125(Ti) and FeNbO4/NH2-
MIL-125(Ti) Composites 
Propylene carbonate formation was confirmed using 1H, 13C NMR and FTIR, 
no extra peak was detected for any polymeric products. Same product was obtained 
and fully characterized in Chapter 3 (Figures 31-33). The only difference is that 
reaction was kept for 72 h, where 24 h reaction time presumably was not enough to 
allow for full adsorption of CO2 into the MOF pores. Low percent yield (12%) was 
observed for pure NH2-MIL-125(Ti) compared to pure FeNbO4 and their composites. 
It was proven that NH2-MIL-125(Ti)  photoreaction proceeds via (LMCT) ligand to 
metal charge transfer [157]. Upon light irradiation, generated electrons from the linker 
are transformed to Ti4+ facilitate its reduction to Ti3+, while methanol acts as electron 
donor (Figure 39(a)). Apparently, there are two competing processes involved; the first 
dictates of much of CO2 molecules adsorbed into the NH2-MIL-125(Ti), the second 
involves the formation of carbon dioxide radical anion which facilitates the 
cycloaddition to epoxide. Likewise, FeNbO4 calculated percent yield was low (28%) 
that can be attributed to the high recombination rate, mechanism is presented in Figure 
39(b). However, the photocatalytic efficiency was higher for the prepared composites, 
where high yield was achieved as FeNbO4 ratio increased in the composite. This is 
related to the ability of FeNbO4 to absorb more visible light and excite more 
photogenerated electrons. NH2-MIL-125(Ti) serves as CO2 adsorbent, therefore Ti3+ 
reduces CO2 to CO2・- followed by addition to propylene oxide that was activated by 
TBAB. This electron transfer suppresses the recombination rate of the generated e- and 
h+ pairs. Methanol act as hole scavenger providing more electrons for the continuous 








conduction band (CB) potentials of FeNbO4 was calculated using the following 
equations [46]: 
ECB = 𝑋𝑋 – E0 – 0.5Eg                                               (5) 
EVB = ECB + Eg                                                           (6) 
ECB in Equation (5) refers to the potential of the CB in eV, 𝑋𝑋 is Mulliken 
electronegativity geometric mean calculated for the constituent atoms of the 
semiconductor, E0 is 4.5 eV which is the free electron on H2 redox scale and Eg is 
calculated band gap of the semiconductor. Valence band potential was calculated using 
Equation (6). The calculated conduction band potential of FeNbO4 is 0.64 V (vs. 
NHE), given that Eg of FeNbO4 is 1.85 eV from UV-vis DRS, the valence band 
potential calculated to be 2.49 V. In addition, the band potential of highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of NH2-
MIL-125(Ti) is -0.59 V and 2.09 V (vs. NHE) respectively. These values were 
calculated by Wang et al. [165], for NH2-MIL-125(Ti) with Eg= 2.68 eV (in this report, 
same value was obtained using UV-vis DRS). 
Blank experiment was conducted by adding TBAB only (entry 6) with no 
photocatalyst under visible light irradiation. Calculated yield was 15%, confirming the 
photocatalytic nature of this process. Such conclusion is in agreement with results 
obtained in Chapter 3. Two additional reactions were conducted using the highest 
obtained yield composite FeNbO4 (75%)/NH2-MIL-125(Ti) (25%), with no light 
irradiation and with heat only in the dark. Negligible yield was obtained for the 
reaction conducted with no light and heat (entry 7) implying that reaction doesn’t 
proceed catalytically. Entry 8 suggests that heat has a slight effect on reaction and both 









Table 13: Reaction conditions and results of NH2-MIL-125(Ti), FeNbO4 and their 
composites a) 
 
Entry Photocatalyst Reaction conditions Yield (%) 
1 NH2-MIL-125(Ti) visible light 12 
2 FeNbO4 (25%)/NH2-MIL-125(Ti) 
(75%) visible light 39 
3 FeNbO4 (50%)/NH2-MIL-125(Ti) 
(50%) visible light 30 
4 FeNbO4 (75%)/NH2-MIL-125(Ti) 
(25%) visible light 52 
5 FeNbO4 visible light 28 
6b) TBAB visible light 15 
7 FeNbO4 (75%)/NH2-MIL-125(Ti) 
(25%) no light 2 
8 FeNbO4 (75%)/NH2-MIL-125(Ti) 
(25%) heat with no light 11 
a) Reaction conditions: propylene oxide (1.4 mmol), TBAB (0.028 mmol), 4 ml CH3CN 
and 1ml MeOH, 50 mg photocatalyst, reaction conducted at 14 atm CO2 for 72 h under 


































Figure 39: Proposed mechanism of (a) NH2-MIL-125(Ti) and (b) FeNbO4 for the 




















In conclusion, three composites where successfully prepared and 
characterized. XRD patterns of the composites confirm the co-existence of both 
FeNbO4 and NH2-MIL-125(Ti). Surface area decreased as mole ratio of FeNbO4 
increased due to the small surface area of FeNbO4. FeNbO4/NH2-MIL-125(Ti) 
composites presented higher photocatalytic activity compared to that of pure FeNbO4 
and NH2-MIL-125(Ti), indicating that formed heterojunction improves the 
photocatalytic activity of the materials due to synergistic effects between FeNbO4 and 
NH2-MIL-125(Ti). 
Figure 40: Proposed mechanism of FeNbO4/NH2-MIL-125(Ti) for the photocatalytic 








Chapter 5: Summary and Future Work 
 
FeNbO4 was prepared using different synthetic methods and at different pH 
values, monoclinic phase was obtained under all conditions. FeNbO4 prepared via co-
precipitation method (pH= 2) has a band gap of 1.85 eV with a high surface area of 
1.341 (m2/g) where it was chosen to be further studied incorporating rGO. 
Three composites with different mass ratios of FeNbO4/rGO were prepared and 
their photocatalytic activities were evaluated for the cycloaddition of CO2 into cyclic 
propylene oxide to form propylene carbonate. The obtained data show that rGO has 
little effect on surface area, where it slightly increased as percent rGO increased. 
Nevertheless, the % added rGO has no effect on morphology and band gap, the three 
composites exhibit close band gap of 2.0 eV. Results revealed that as percent rGO 
increase the photocatalytic increase, however 10% rGO showed decrease in the 
activity. Implying that, adding 5% rGO to the composite is the optimum mass ratio of 
rGO for the prepared system. Reaction was conducted without visible light irradiation 
to prove that reaction proceeded photocatalytically. 
Furthermore, FeNbO4/NH2-MIL-125(Ti) composites were tested for the same 
reaction. Three different mole ratio composites, FeNbO4 (25%)/NH2-MIL-125(Ti) (75%), 
FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) and FeNbO4 (75%)/NH2-MIL-125(Ti) (25%) were 
characterized, XRD pattern confirm the successful incorporation of FeNbO4 and NH2-
MIL-125(Ti). NH2-MIL-125(Ti) exhibited high surface area of 1025.71 m2/g, where 
FeNbO4 displayed small surface area therefore as mole ratio of FeNbO4 increase in the 
composite surface area decreased. FeNbO4 (75%)/NH2-MIL-125(Ti) (25%) showed the 
highest percent yield (52%) due to the ability of FeNbO4 to absorb more visible light 








forming CO2 radical. Followed by the cycloaddition into propylene oxide, more 
reactions were conducted to understand the role of the photocatalyst and visible light 
irradiation. Results are in good agreement with what observed with FeNbO4/rGO 
composite, emphasizing that reaction only proceeds photocatalytically. 
5.1 Further Studies 
In the future, different epoxides substrate will be used to check the efficiency 
of prepared photocatalysts to undergo cycloaddition to CO2. Moreover, the synthetic 
procedure for composites could be better compared with hydrothermally one and not 
using just simple mechanical mixing in order to increase the contact surface between 
FeNbO4 and NH2-Mil-125(Ti). Finally, more functionalized MOFs with tunable band 
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Figure 41: Nitrogen adsorption-desorption isotherm of prepared FeNbO4 (a) co-
precipitate method at different pH value, (b) using different surfactants at pH= 2, (c) 
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Figure 41: Nitrogen adsorption-desorption isotherm of prepared FeNbO4 (a) co-
precipitate method at different pH value, (b) using different surfactants at pH= 2, (c) 








































 Figure 42: EDS spectrum for FeNbO4 nanomaterial without surfactant, (a) FeNbO4 










































   
 
 
Figure 43: EDS spectrum for FeNbO4 nanomaterial with surfactant, (a) SDS, (b) EG 
and (c) PEG (400) 
 
            






































Figure 44: EDS spectrum for FeNbO4 nanomaterial prepared by citrate method (a) 
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Figure 45: EDS spectrum for FeNbO4 nanomaterial prepared hydrothermally (a) pH= 







































Figure 46: EDX for (a) pure FeNbO4, (d) FeNbO4-3% rGO, (c) FeNbO4-5% rGO and 










































Figure 47: EDX for (a) NH2-MIL-125(Ti), (b) FeNbO4, (c) FeNbO4 (25%)/NH2-MIL-





































Figure 48: SEM elemental mapping of (a) NH2-MIL-125(Ti), (b) FeNbO4, (c) 
FeNbO4 (25%)/NH2-MIL-125(Ti) (75%), (d) FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) and 




































Figure 48: SEM elemental mapping of (a) NH2-MIL-125(Ti), (b) FeNbO4, (c) 
FeNbO4 (25%)/NH2-MIL-125(Ti) (75%), (d) FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) and 
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Figure 48: SEM elemental mapping of (a) NH2-MIL-125(Ti), (b) FeNbO4, (c) 
FeNbO4 (25%)/NH2-MIL-125(Ti) (75%), (d) FeNbO4 (50%)/NH2-MIL-125(Ti) (50%) and 










Band gap potential of FeNbO4 was calculated as following:  
ECB = 𝑋𝑋– E0 – 0.5Eg 
      EVB = ECB + Eg  
Calculate Mulliken electronegativity (𝑋𝑋) for FeNbO4:  
1 eV = 1.602 x 10-22 kj x 6.023 x 1023 mol-1 = 96.48 kj/mol 
1 eV = 96.48 kj/mol 
Fe: Electron affinity: 15.7 kj/mol / 96.48 = 0.163 eV 
      First ionization energy: 762.47 kj/mol / 96.48 = 7.90 eV 
     (0.163 + 7.90) = 4.03 eV 
Nb: Electron affinity: 86.1 kj/mol / 96.48 = 0.89 eV 
      First ionization energy: 652.13 kj/mol / 96.48 = 6.76 eV 
      (0.89 + 6.76) = 3.83 eV 
O: Electron affinity: 141 kj/mol / 96.48 = 1.46 eV 
     First ionization energy: 1313.94 kj/mol / 96.48 = 13.62 eV 
     (1.46 + 13.62) = 7.54 eV 
     (4.03 x 3.83 x 7.544)1/6 = 6.067 eV 
ECB = 𝑋𝑋 – E0 – 0.5Eg 
ECB = 6.067 – 4.5 + (0.5 x 1.85) 
ECB = 0.64 eV 
EVB = 0.64 + 1.85 
EVB = 2.49 eV 
